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SUMMARY

A correlatlion of what are bellieved to be the most
rellable data avallable on duct components of alrcraft
power-plant Ilnstullatlons is presented hereln. The 1n-
formation 1s glven in a convenlent form and is offered
as an ald in designlng duct systems and, subject to
certaln qualifications, as a guide In estlmeting thelr
performance.

The deslgn and performance data include those for
¢ stralght ducts; simple bends of square, clrcular, and
{ elliptical cross sectlon; compound bends; dlverging and
H converging bends; vaned bends; dlffusers; brunch ducts;
3 Internal inlets; ard angular placement of heat exchangers.
i Examples are lncluded to illustrate methods of applying
1 thess data in analyziag duct systems.
i
]

INTRODUCTION

The objectives in the deslign of an aircraft duct
system ere to it the components of the system within
the available space and to meet an alr-flow demand with
a minimum of energy loss. Analyses of duct systems are,
in general, made for one or more of the following
purposes:
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' " (1) Estimation of pressure loss in a duct

(2) Determlnatlon of rate at which air will flow
through a glven duct system
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(3) calculation of exit area required to obtaln a
desired rate of air flow through & given
duut system '

(44) Evaluation of airplane drag chargeable to flow
through a duct system

Alrcraft duct systems occur in an infinlte dlversity
of forms but, for the purposes of deslgn and analysls,
must at present be tresated as a serles of component parts =
such as bends, nozzles, and diffucers ~ for whlch design
and performence deta are available. Analyszes of duct
systems &are generally step=-by-step procedures 1ln which
changes 1In the snergy and the physical state of the
ducted &air are fnllowad progresslvely from the free stream
ahead of the elrplane- through the successalve duct com-
ponents to the point of dischargzge from the alrplane.
Simplified procedures for making such analyses are given
in references 1 and 2, and a precise, rigorous method 1is
glven In reference 3. Thess references are primarily con-
cerned with analytical procedure aud do nct desl with loss
characterlstics of duct components.,

A large amount of experlimental data and some theo-
retical treetments of the flow 1n duct components exlst,
but the data often appcar to .2 inconsistent and some of
the theoretlcel treatments «:vs contradictory. This lack
of sgreement 1s principslily due to inadequate consldera-
tlon of all verlables alflfectling tiie flow characterlistics -
a natural consequence of the undeveloped state of the
theory.

The purposs of this paper is to present, In simple
and conclse form, information useful for the snalysis and
design of duct systems for alrcralt power-plant Instal-
lations. Data are presented on design criterions and
pressure-loss characterlstlcs of straight ducts, duct -~
bends of varlous cross-sectional shapss, vaned bends,
branch ducts, and several types of diffuser. Several
examples are presented to show methods used in analyzing
duct systems.

In the present report the most reliable data avall-
able have been used but some of these ddte are recognlzed
as questlonable. In caesegs in which data from different
sources are 1incensistent, tho material presented 1is,
as far as possibls, a mean wecighted by consideration of
the condltlons under which the results were obtalned.
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In cases 1n which data for'a particular type of duct com-
" porient have been obtalnable from only one source and were
therefore wlthout adequate corroboration, these data have -
been pressunted ror lack of better.

The flow characterlstics of any duct component are
considserably affected by varlations in the nature of the
upgiuresia flow; Tcr the data presented the type of flow
is that generated by a long straight pive. Beczeuse of
thic avfect And the limltatlions orn avallable data, the
presanl, dliscussion of flow coefliclents for duect comno-~
neniz is anbleet to extension and reaviaion when more com-
pPrsasnzivo dana hacome avallgble. If the pressurs and
velocily d’ctributizas of the flow at the irle: of a
du:, vurpetensg are ot uniform, the tolel-praeiure loass

thi~r* She eamneert will be greuter thin rwou.d e pre-
dicu:; 27 uen of tue wresent deve. 3tujsch to ti:cse
cus’ . tiicaclieica, thas materlal presented 1la oifervna as a
gu'lil I2 deeoimn'tng duet systems end estimauiub ol

perinreance; Levevar, for the attalamert of' best perform-
ancs, cowmdlewe s7estems should e roafined by tests of
alrplane modals 1n wird tunnels or tests of duct systems._
in wkhich the ailr flow is induced by -blowsrs.

SYMPOLS o

A duct cros.u-sectional area, squale feet
a veloclty of sound, feet per second

Cr, 1lift coefficlent (L/gec)

c length of vane chord, feet
D hydraulic dimneter, feet i ytp‘
(% x Oross-sostionel area of duct r e
Per‘.‘l.metar of duct Yo

d dlameter, feat
Feo compressibility factor (1 + ]:_"—'_-MZ + -]'_Mh')

£  friction factor for straight ‘ducts (&-%f-%)
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gap or vane spaclng, perpendiculor distance between
vane chords, feet

total pressure, pounds per saquare foot

height of duct (in case of bend, dimension in plane
perpendicular to plaune of bend), fect

erbitrary constant

bend-~loss ceefficient (%?- of bend divided by %%
of ecquivalent constant-area bhznd wilih icdentical
1nlet)

total-preasure-logs coelficient or diffuser expressed

as frecticn >f loss due UTo suddsn axpansion

]
I%L of diflfuser divided by _(l - _il-)zi
\\ .ra.-:l-\ M

1if't, pounds rer fcot of spen

axlal length of duct, foet

Mach nu.bsr (V/a)

mass rate of fliow, slugs per second

nur:ber of vanes 1in duct bend

perlmster or duct cross ssection, fcet
static pressure, pounds per square foot
volums rate of flow, cublc feelt per second
dynemlec pressure, pounda per sguars Ffoot (%pv?)
Reyrolds numbcr (pVD/p)

radius, feet

ineen redlus of bead, fest (Eﬁ—%iﬁ1>
temperature, °F zbsolute )

veloclty in duct, feét per second
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Vo fres~-stroam velocity, fset per second
" duct width ({n cedse of band, dimension in pléene of

bend), feet .

X,y &absclasa end ordinate of standard coordinate system

a engle of attack in relatlon to alr-atream direction,
degreos

B angle of duct bend, degrees

angle of junctinmn of duct and resistance unlt,

desreas

p aenslly of air, =luss psr cubic foot

p absolunte viscosliy o elr, pcand-saconds per square
Poct

A11 total-pras.ure loss, pouvuds per square foot

AH) tctal-pressure loss due to angle batueen duct and
resistance unit

Ap ztatic-pressvre loss, rounds por ncus—ce foot

AT ch-nzxe ia temr2ivetars, Ip

AV total vectr-volceity clense, lzet per sccornd

e one-n=1f equlvalent conleal angle of expansion,
deniress

P orne-half angle betwsen ztralght wsllz of partlally

ABA

Ffw

h/w

curved dlffuscr, degraes
total-pressure-loss coefficlent
radius ratio

aspect ratlo “

Subscripts:

a

b

inside well of bend

outslde wall of bend
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d diffuser
e exlt
T face

f1  flared inlet

i Inlet

r resistance unit

X arbltrary scatlon
0 In free streeam

1,2,3,... stations In cduct system
mex meximum

min minimum
GENTHRAL PRIKCIPIES O DUCT DESICN

Skin frictlon and flow separ~atlon are tvwo fundaemental
causes of pressure lossgs 1In fully turbulent flow thirough
any duct component. The losec In a glven duct coupenent
from each of these causes is roughly proportiional to the
dynamlc prossure of alr flow. 3Since the dynemic reasure
of the eir flow 1s proportionsl vo the square cf the flow
velocity, the firsgt baslc »nrinciple 1In Lkhe design of
efficlent ducts 1s th2 maintenance cf a low low velocity
by the uss of .ducts of adequate slze. Ths importance of
thls principle may be illustreted by notlng thet, fcr a
glven reste of air flow, halving the diareter of a circular
duct multiplies the valocities by l; and ths losses by 16.

lthough sxin frlction i{s the dominant causs cf
pressure loss in flow throughk strealgat ductz of constant
cross sectlion, this pressure los3s i1s smzll compared wilth
the 1losses that occur when the wmain I'low ssparates from
the duct walls and thus creates areas of reverss flowv and
violent turbulence between the muln flow and the duct wall.
These areas requlre vzloclties 1n the maln stream higher
than are otherwlse necessary. The sacond baslic principle
In the design of efflcient ducts, therefore, 1s the maxi-
mum reductlon of flow zeparation.
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" One type of flow-separation-occurs.-when forces arise
in the alr stream in a direction opposite to the direc-
tion of flow. Such a force 1s the pressure rise (or
%adverse pressure gradient") produced by a deceleration
of the ailr flow - for example, the -deceleration of the
alr flow in a diffuser. 'Tne rate of pressure rise that
may occur without producing flow separation depends on
the veloclty of flow near the duct wall, because the
presence of thick boundary layers of slow-moving alr is
conducive to separatlon. Conversely{ a decreaslng pres-
sure in the direction of flow (or a "favorable pressure
gradlent"), such as occurs in a nozzle, tends to prevent
separation.

Changes of flow direction, as in bends, also glive.
rise to forces that tend to cause separation of flow
from the inner surface of the bend. Surface roughnass
or protuberances that cause local disturbances or re-
tardation of' the alr near the duct wall aggrsvate condl-
tions of Inclplent separation. Screens or resistances
across the entlre duct, on the other hand, tend to
stabllize the flow and oppose seperation by resisting
flow 1incrsases 1n the center of the duct at the expense
of the flow near the walls of the duct.

PROPERTILS AND DESIGN OF DUCT COMPONENTS

Pressure~loss characteristics and deslign criterions
of several typlcal duct components are glven in fig-
ures 1 to 16. The total-pressure-loss coefficient AH/q,
a ratio of loss 1ln total pressure to dynamic pressure at
the entrance to the duet component, has been gilven di-
rectly wherever possible; in all other cases, coefficlents
are glven from which the pressure-loss coefficlent can
be computed.

Stralight ducts of unlform.cross sectlon.- The '
pressure-loss coefflclent Tor stralght ducts of uniform
cross section 1s given by the relation

2= Lgr . (1)

The friction factor f varles with the character of the
duct surface and the Reynolds number based on mean air
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velocity and the hydraulic dlameter of the duct. Values
of f obteined from figure 51 of reference L are plotted
against Reynolds number in figure-l. Data in figure 13
of reference 5 agree closely with values 1n figure 1.
Determination of the Reynolds number is facllitated by
supplementary curves obtalned by plotting the retio of
mass rate of flow to duct perimeter against Reynolds
number for & number of ailr temperatures. The kinetlc
viscoslity of the alr used 1ln constructing the supple-
mentary curves of figure 1 was determined by Sutherland!s
equation as presented in reference 6.

A typlcal value of AH/q for straight alrcraft

ducts 1s 0.02%, which is usually inconsequentilal com-

pared with other parts of the system, and the loss in
sections of stralght ducts is generally neglected. Long
winding ducts of small diameteras, such as cabln-heater
ducts, are sometimes treated as stralght ducts of higher
than average pressure loss due to friction. The us~ of

AE _ L
T O.OLLT)-

1s recommended in reference 7.

90° bends cf constant-area rectangular cross sec-
tion.- Pressure-loss coelliclents o U bends of
constant-area and rectanguler cross section glven 1in
figure 2 for three values of Reynolds number based on
hydreaullic dlameter are derived from data appearing in
references & and 8 to 12. The beneficlal effect of
large radlus ratio appears throughout the range of R
but the optimum aspect ratio shows a marked change with
Reynolds number.

90° bends of constant-area elliptical cross sec-

tlon.~- Pressure-loss characteristics of 90° bands of
constent-area elliptical cross sectlon are given in fig-
ure % for three values of Reynolds number. The data
Include circular ducts as a speclal case and were derived
from data 1n reference 5. The benefits of large radius
ratlo and the exlstence of an optimum aspect ratlo are
noted for the bends of constant-area elliptical cross
sectlon as well as for rectangular bends. The effects of
Reynolds number are much less for bends of elliptical
cross sectlon than for bends of rectangular cross sectlon
and appear malnly for the bends of high radius ratilo.
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0° bends of changing area.- Significant data (de-~
_rived from reference ?%7 concernsd with the relatlon of

" area’ charge to 'the loss- in 90° bends of- a particulsr . .
geometry are shown in figure L. In-this flgure the ratio
of loss 1n a tend with changing area to that in a tend -
with ldentical inlet form but constant area is plotted
agalnst the ratio of entrance wldth to exlt width of the
nonunlform bend. Important reduction of loss 1in con-~ -
verging bends and serlous Increases 1ln loss in diverging
bends are noted; the loss lncreases are particulerly
serious for bends of small radlus.

Simpls bends otker than 90°.- No satisfactory corre-
latlon Las been made oL aata for variation of pressure-
loss coefficient with angle of bend. Pressure lozs of
L15° bends can apparently vary from one-third to two-
thirds the loss of a similar 90° bend, according to the
test conditlons.

Compound bands.- Pressurc-loss coefflcients for three
types of compcund bend (filz. 5) derived from refcrence 5
are shown in figure 6. Inasmuch us differences in the
losses betwesn tihe U-, %Z-, and 90°-offset bsnds avpesr
from reference 5 to be smell &nd irconslstant, tn: curves
presented are averages of roasulta for thie three types of
bend. There eppears to ke little veri~tlon of loas with
Rejriolds number. Introduction of a 5-foot specer retueen
the two parts cf the compound bend has relatively little
elfect on the over-all loss but tends to glve hlgher
values for optimum aspect ratlio. L comparison of the
180°-bend (U-bend) data of flgure & with ths 90°-bsnd
data of figure 2 shows that the reletive loss varies to
a marked degree with the radius ratio and aspect ratlo
of the bend.

Gffects of surface roughness on band losses.- The
effect of suriace roughness on the lossss in stralght
pipes has already been glven by the curves of fizure 1.
A study of pressure-loss data for bends of "angles from
300 to 9G° and radius ratios from 1 £o 6 (raference 11)
indicates that the influeénoe of surface roughness on the
loss 1n bends, and presumably of other duct components
In which major i'low disturbances arise, 1s vary much

reater than can be attributsd to the increase in skin
frictlon at the meen veloclty cf flow. Anselysis of the
data in reference 1l suggests that the ratio of losses
through two bends, identical except for surface roughness,
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is equal to the 1.75 power of the ratlo of frictlon
factors; that 1is,

A

)1 " (2)
(..

(The subscripts 1 and 2 in this equatlon are usad to de~
note the two berds of dliferoant surface roughness.) The
exponenft greater thar unity can ba explained by the fact
that any deviaticn from a uniform veloclty distribution
because of extensive boundary-layer separation or the
existence of secondary flows would require that some of
the flow be at velocitles greater than the uniform
veloclty. Equation (2) weuld rnot, therefore, be expected
to apply for & ducit component not lnvoiving extensive
secondary flows or separatlion.

Equation (2) can be used to correct the bend-loss
data of this report to values corresponding approximately
to flow through duct bends wicth rough surfaces. The
total-pressurs-loss coefficlent for smooth-surface bends
can be detsermined from the datu curves of figures 2 to y4
and €. The curvés labelzd “Smooth surface" in figure 1
are used Lo determine the friction fauctor for smcoth-
surface berds. A rerresertative value of frilction factor
for rcugh surfaces ccrrasponding to ducts 1n prcduzvion
alrplanes witn tk8 usual manufacturling lrregularitles
is v.01.

Vaned bends.- Vanes may often be advantagoously used
in duct berids, espsclally when an unfavorable raaius ratio
or aspecs ratio must be tolerated boceuse cof some liml-
tatlon peculiar to the particular design. A correctly
designed wans Instalietlion wili lmprove the veloclty .
dlstribution at the exlt of the bend and wlll gererally
redice the pressure lcsses through the bend. The reduc-
tlon 1n »ressare loss arises from the fazt that the flow
In a good vansd-turn inatallatlior approaches that flow
which would oceur 1f the pesaage were divided iunto
smaller pnnasagas of the same depth out shorter width and,
consecuently, of more favorable aspsct and radlus ratios.
then more than three vanes are used, practical considera-
tlons usually require a bend wilth evenly spacsad vanes and
equal Inner and outer radll. The value that these radii
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.-mey.attaln 1s usually limited by the space requirements.

Figure 7 shows an installation of thin clrcular-arc vanes
and defines the varlables concerned 1n the design of such
a vane installatlion. The vanes are egual in radius and
chord to the curved portion of the duct surface. From
figure E 1t can be seen that the chord ¢ 1s equal to

2"

2r sin-

| From materlal given in reference ll, the following
expression for the number of vanes requlired can be derived:

The quantity AV 1s the vector difference of the veloc-
itles upstreem and downstream of the bend, as 1llustrated
in figure 7. For a given bend conflguration, therefore,
the number of vanes depends on the 1lift coefficlent at
which the vanes are to operate. If too high a 1lift coef-
flclent is assumed in determining the number of vanes
required, high losses and a poor veloclity distribution
downstream of the bend will result. An assumed 1lift coef-
filclent that 1s too low will result 1ln too marly vanes and
the total-pressure loss through the bend will agaln be
excesslve. Heference § indicates that, for thln vanes
installed in a 90° bend, use of a 1ift coefficient of 0.8
gives approximately minimum losses and a satlsfactory
veloclty distribution. It 1s not known whether Cr,=0.8

is the optimum for thin clrcular-arc vanes for bend
angles other than 90°, but a study of reference 13. indi--
cates that use of thls value In designing bends other
than 90° bends should give satlsfactory results. Results
glven in reference § show that for a Zg° bend the angle
of attack of the vanes a should be [8°, or 3° more than
half the angle of bend. For other angles of bend, the
amount by which.the angle of attack exceeds half the
angle of bend might be adjusted proportlonately to the
angle of bend as a first approximgtion; that is, for a

15° vend, en angle of attack of 2L,° would be indicated.

For a 90° bend with 1nlet and outlet the séme in
area and shape, equation (1) reduces to

=2 ¥
n—cEI.‘- 1 (3)
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By using the value of Cp = 0.8 for thin vanes, equa-
tion (3) becomss

n= ééi - 1-

r/w

Results for vanes which have two dlifferent thickness
distributions applied to mean lines approaching a circular
arc are given in reference 9 and show -that, for the opti-
mum vene installation, the loss coefficlent AH/q- is
about 0.25, a value relatively lnsensltive to vane thick-
ness. For vane lnstallatlions other than the optimum,
the losses are higher and vary considerably with the pro-
fille of the vane. The angle of attack for thlck vanes
is approximately the same as for the thin circular-arc
vanes and small varlations from the optimum angle of
attack do not sappreclebly affect the pressure loss. Values
of C; from 0.9 to 1.0 may be used in determining the
optimum number of these vanes to be used.

Thin vanes of noncircular profile, which are sultablas .
for installation in bends of equal inlest and exlt cross- -
sectlonal areas, have been developed theoretically by
EKrdber (references ¥,10, 1%, and 14;). Profiles for these
vanes are given in table I end figure 8(a). Tests (ref-
erence 13) indicated that installations using a vane of
the type deveioped by Krober are very efficient, as shown
by the low losses glven in flgure 8(b). The required
number of vanes for & glven installation can be deter-
mined directly from the chord length and ths gap-chord
curve of figure 8(b). The break in this curve between
angles of bend from L5° to 60° is apparently a result of
the methods used in developing the profiles. References 9,
13, and 1} give specific data only for angles of bend of
309, 159, 60°, end 90°.

Diffusers.- Losses of straight-wall diffusers of

clrcular cross section may be computed from the curve of
figure 9, which was derived from figure 10 of reference 15
and figure 1 of reference 1l6§. The loss coefficlent 1s
given by the relatlon

AH Agq
—_— - ——— (
3 2( éde L)
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where k, 1s the gquantity plotted in figure 9 against
the-equivalent conlcal-angle of expansion. . The loss due
to an abrupt expansion is obtalned from equation (L) by
taking . k,; equal to unlty. To a limited extent, the

losses of diffusers of nonclrcular cross sectlon; particu-
larly those of square cross section, are approximated by ™
the loss of an “equivalent conical diffuser" .which has a

'~ elrcular cross section and of which the length, the inlet
area, and the outlet area are egual to those of the non-
circular diffuser.

The most efficient stralght-wall diffusers are shown
In figure 9 to be those of equlvalent conical angles of
expansion between 3° .and 10°. Frequently, howsever,
because of restrictlons on the length cf diffuser, it 1Is
necessary to diffuse at angles higher than 10° Curved-
wall diffusers (references 1l and 15), such as the design
shown in filgure 10, have been.found to have appreclably
higher efficlencles than strelght-wall diffusers, espe-
clelly at high angles of expansion. The performance for
thls type of diffuser 1s also shown in figure 10. At the
higher angles of expansion, the lower pressure losses are
obtalned by diffusing gradually in the filrst part of the
diffuser and more ebruptly in the last part 1n order to
delay the separaticn point 1n the flow. Tests recported
in reference 15 show no galn when the angle 2@ 1is made
greater than L0®. Other sources (unpublished, indiceate
thet,. 1f the angle 290 1s greater than 60°, large losses
will occur.

Diffusers followed by resistance units, such as
Intercoolers; are subject to lower pressure losses at
high angles of expansion than are indicated in figure 9.
An experlmental investigatlion to determine the shapes of
circular diffusers for highest diffuser efficlencles in
diffuser-resistance combinations is reported in ref- :
erence 17. Figure 11 is a sketch of the optimum shape
and a plot of the included angle between the straight
walls of the diffuser 2@ agalnsi the equlvalent conlcal
angle of expansion 20. The values of 2¢ are those
values that gave the hlghest diffuser efficilency. The
solld and long-dash curves of figure. 12 show the pres-
sure’ losses 1n terms of the. loss due to sudden expansion
for diffusers deslgned according to figure 1l1l. The
shert-dash curve of fipure 12, which 1s an extension of
the curve glven in figure 9, applies to stralght-wall
circular diffusers not followed by resistance and 1s
shown for comparilson.

\
_-\i
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Branch du%tg.- The problem of takl branches from
a maln air duct resolves 1nto divislon of the maln alr
stream and diversion of one or more of the consequent
subdivislons of the maln stream. Divislon should be
made as nearly as possible on a basls of relstive alr
flows and 1s best accomplished with divliders or splitters
of rather blunt-nose airfoll shape, such as the NACA 0021
alrfoll section. (See fig. 13.) Enlargemsnt of cross
sections lmmediately downstream of the roint of dlvi-
sion and 1n bends is to be avolded. Intrances to branch
ducts should be normal to the ailr flow. Filpgure 13 1illus-
trates tlia application of thesc principles andé shows the
division of the wmaln stream, the diversion oif one stream,
and the subsequent subdlivision of the diverted stream.

The internal-duct inlst 1s a speclal problem associ-
ated wlth breanch ducts. The inlet of a duct that teps
alr from a chamber in which the alr is essentially
stagnant 13 known as an Internal inlet. Flgure 1l shows
several examples of such 1inlets with accompanylng repre-
sentatlve values of pressure-lcss coefilclent taksn from
reference 11. The designs subjzct to the least pressure
losses are the flarsd entrances, particularly the desizn
using a lemnliscate. The equation of the curve in polar
coordinates 1s .

?2 = 2K2 cos 26

The .part of the lemnlscate used 1n. the inlet design ex-
tends over & range of 0 from 16° to L5° (rig. 1ﬁ).

Flow-resistance units se¢t at angle to upstresm duct.-
The meeiLing &t an angle ol the Inccming alr wlth the lace
of a resistance unit causes a total-pressure loss that
depends on the amount of angle, the efficlency of the
reslstance-unit core ln its sctlon as a turnlng vane, and
the alr-stream velocity. Data on these losses, from which
the curves of figure 15 were derived, were obtaelned from
reference 18 and from the Wright Aeronautical Corporation
and the Naval Alrcraft Factory. The data apply to inter-
coolers, circular oll coolers, and a viscoug-impingement
type ol alr filter. The geometry of the ducts and
resistances is also shown in figure 15. The curves
indlcate that the pressure loss is simllar to the pres-
sure loss of a duct bend in that.the aspect ratlo of the
resistance-unlt air passages 1s a controlling. factor.
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ILLUSTRATIVE FXAMPLES OF DUCT ANALYSIS

D —m v

. Several examples illustrating the calcéulation of-
pressure loss, alr flow, exlt area, and internal drag

for duct systems I and IV of figure 16 ars gilven in
tables II to IV. Each.of the hypothetlical duct systems
shown in figure 16 adheres to the same genersl space
requirements and has spsover-all ircrease in the cross-
sectional area from Ui square foot at station 1 to e
3.0 square feet at station 6. The selection of the’ A
pressure-loss coefficélents 1s 1llustrated for system I

in table II. Step-by-step computatlons for systems I

and IV are gilven 1n tables IIYI and IV, and the pressure-

loss distributions of the four systems ere compared in
figure 17.

Duct system I (flg. 15) was Geslgned according to
the two basic prirnclples ol duvct deslgn set forth in the
section entitled "General Principles of Duct Design.™
The high-veloclty air at station 1 is expanded in a -
diffuser having an equivalant conlecal angle-of expension
of 7°, whiclh. 1s shcwn in flgure Y to be subject to mini-
rrur pressure icsses. The diffuser 1s followed by & well-

. rounded S0° bend cf constant crozs-sestlonal area. The

rest of ths diffusion is accompllishied at a higher rete
in a diffuser Laving ea eqgu.valent conicel engle of 1%2.8°,
lthouch tha rate of sxpsnsion 1s hlgh 1In che secona
diffuser, the loss 1s not excessive because of the low
dynamic prossure at the entrunce. The second 90° turn
1s qulte sharp but does not caus» a large »ressure loss
because of the low-veloclty alr. Duct systen II (fig.16)
was designed so that nart of the .orea expanslon 13 accom-
plished in the first 90° bend. Duct system III 1s an
example of & compromlase whlch emphaslzos more than
system I the principle of havirng low ficw velocltles.

"The low flow veloclty 1s obtalned by diffusing at a

higher rate of sxpanslon. Duct systems III and IV repre-
sent opposlte extrémes 1n rclation to the 1nitial expan-
slon of the &air. In system III the expansion is accom-
plished rapidly in a diffuser having an equivalent
conical angle of 16° located upstream of the first bend;.
in aystem IV 8ll the expransion 1s sccompllshed betwesn

"the two 90° turns-with the srea constant- from‘stations 1

to 3. o

Tﬁe duct systems were assumed to be installations
In an alrplane flylng at scz level' in Army summer ailr at
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a true alrspeed of [j00 miles per hour. For simpliclty,

the total-pressure losses from the frse stream to station l
were assumed to equal the pressure rlise given the alr by
the propeller; therefore, the total pressure at station 1
i1s equal to the free-streeam total pressure. The acdla-
batic temperetiure rise from tre free stream to station 1
was calculated by use of the followlnz eqguatlion from ref-
erence 2:

= 0.852|( %) - (—l— (5)
ATy 5 = 0. 10U 100

7/

The total-pressure loss through each duct unit was calcu-
lated from the curves of this report as 1llustrated 1n
table 11 for system I. Tha compresslibllity corroction

to the dynamic precsure was negleoctcd except at stetlons O
and 1 beceause of tle lnw velocltles, The following ejua-
tion (from reference 19) was used to cslculate the com-
pressibility factor ¥, at stations J and 1:

2 \
F, =1+ L. ZE + X YE)F
c L\ a o \la

The temperature from stations 1 to 5 was assumed constant
beceuse the systems contalned nc heet exchangers and the
static-pressure chongsess were 1lnsufiiclant to cause sig-
nilficant changes in temperature. Vilth the foregoing con-
ditlons and assumptions, the properties of the al» st

- each statlon were calculated as shown in tables III

ana IV.

The total-pressure losses for each system are plotted
agalnst the duct stetions in figure 17, In which system I
1s shown to be the most efficlent. The hign losses asso-
clated with bends of increaslng cross-sectional arees are
verifled by the curve for system II. Tae curve for sys-
tem III emphasizes the Ilmportance of efficlently d4if-
fusing the hlgh-~veloclty &lr even at the experse of
greater bend losses, providing the bend deslgn 1s rea-
sonably good. Ths data for system IV Indicate the
importance of effleciently reducing the air veloclty as
soon as possible even 1n those cases in which the effil-
clency of some of the followling units muszt be reduced.

The calculations for system I have been extended
to 1llustrate the method of obtalning air flow, exit
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area, and lnternel drag. BPB:zceuse the calculatlon of pres-
“sube”drops across heat exchangers 1s.a.problcem.oubaide .
the scope of this report, tlie heat-exchanger pressure drop
1s not ccnsidered In tlie subsequent discussion. The
nature of the calculation is in no way affected by this
sinmplirication, bnt the resuitant drag, internal-drag
power, and exit ares will consequently be much too small
to be representative. A well-designed oxit duct was
aasumed to extend from station & to station 7, ths exlt,
and the total-pressure losses In this contracting sectlon
wore assumed to be negligible. Several mass3 alr flows
through the system were assumed and the estimated total-
pressure losses, oxlit veloc*ty, exit area, and iInternal-
d"ag horsepower were evaluated for éach alr flow. The
statle pressure at the exlt was assumed to equal the
static pressure of the free stream; the temperature drop
assceiuted with tho drop in static preasure f'rom station 6
to tke exlt At statlcen 7 was assuw~d to Le adlabatic.

The followlnz equation exprasses thls adiebatic rslztion:

1]
B>
3

T6—T7

I p 0286
Tsx ll - E’
o

The ex't velocity V- was ealculated by substituslag

AT, aad V in exuatlon (5). The caleculetlons Jor a
mugs air floy cof 0.109 slug pri- sscond Are summacized — SACIEED
in teble TII. Thaz Internal-drag horeopower cavsed by

the momentum deficlency of the dlscherged air &and the
exit arees raqulred to obtalin certuln mars fiows through
the syatem are plotted ageinst mass air flcw in figure 18.
From these curves the exit area requirsd for» a glven inass
-flow or, conversely, the masa flow ccrresponding to a
glven exit aree, may bs determinsd. If & heat exchanger
had been 1lnclucded in thse foregoing arrangement, the
pressure drop acrves 1t, the rlse In cooling-air tem-
perature through 1t, and ths resultsnt deusity changes.
would have had to be taken 1lnto account.

CONCLUDING BEMARKS

The pressure loss thrqqgh a duct comrponent is.af-
fected by the nature of ths entering flow and, when
unsymmatrical veloclty distrivutliors ozcur, tne
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pressure-loas coefflcleonts are highsr than those glven
herein for condlitions of uniform flow. This consigera-
tlon raises the questlon of the accuracy wlth which the
over-all losses for a duct system cen be pradlcted by
summation o component losses obtailned from the materlal
In thls report. As yet. no sstlsiectory answer to this
question exists, but thls lack ol data In no way Impairs
the usefulness of the materlal contained heroin for de-
slgning duct systems for a imlnimun of loss.

Although the pressure losses ln a well-designed duct
system should ts small compared with the unavoldable
heat-axchangcr pressure drop, the margzlin of pressure
avallable over pressure required 1s very small, particu-
larly for full-power climb; end eliminutlon of unnecessary
duct losses often makes the difference betwsen an accept-
able and an unacceptable 1nstallation.

Langley Memorlal Aeronautlcal Laborstory
National Advisory Committee for Aercnautlcs
Langley Fleld, va., Kay 13, 194}
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TABLE I.- ORDINATES FOR KREBER VANE PROFILES

EEE

x/c
90° bend | 60° bend | 45° bend | 30° bend
0.008, 0.000 0.000 0.000 0.000
.05 .087- OLhl | emeee | —eae-
.10 150 ©L0Th 0Ll .031
.15 .2090 100 | mmmmm | meeea
.20 236 124 075 .051
.25 262 S o IR [RPROSIUIER (-
.30 .2;7 .153 09 067
] 5 l2 ,.I. -161 ----------
.ﬁo 28L .166 .105 071
45 .283 168 | e | eeeee
.50 273 €L 103 071
l55 .2 0 1157 ----------
.60 22 .121 09 .087
.65 .219 e [7- N (R RERLE
.70 .192 129 078 055
) 5 0167 -111 ----------
.80 127 .096 0585 043
.85 .10} 072 | memee | eeees
.50 071 048 «D30 o2ly
+95 ,037 D026 | wmmme | mmeee
1.00 . 000 .000 000 . U00

NATICNAL ADVISCRY
COMMITTEE FOR AERONAUTICS



TABLE II.=- ESTTMATION OF TOTAL-PRES3URE-LOSS COEFFICIENTS FOR DUCT SYSTTM I 2]
[Mass flow = 0.109 slug/sec; temperaturs = 584.1° F abs ] : §
T >
g?:ﬂ.g}z E%E%:Jl-on Controlllng parareters Calculated values %
S ——— e _ 2
Duct componsent, rectangular diffusers 2
Ciffuser Initiai- |®inal- Diffuser Diffuser E
equivaelent|station {stailon cocflficlent, jtotal- 5]
conical cross- cross~ ko pressure- o
angle cf |[ssctlonal|scctional (£1 8 loss
expanslon, |ares, area, tg. 08) coefficlant, ' |
26 A L AR/ . ‘
A \ d.i_, e q . !
(cegi) (sq3'rt) | (s3 It) (1)
1 2 7.0 0.25%0 G.515 - 0.130 - _ o.ogu
2 Iy 1%.8 i 515 Z.,900 207 . 163
Duct component, 903 rectangulzr bends ;
Bend 3ead Mass flcw |Reynnlds Bend total- .
aspect racius Perimster |GmlUmoer, pressure-loss
ratio, ratio, m/P R coefficlent,
2 =/ ig. ] '
L/w T /v slug/sec) | (£18+ 1(b)) eH/q
2 3 1.0 3.00 0.G330 272,000 0.069
Iy 5 1.0 .78 .0158 | 155,000 . .500
lpirey : pa-1 ertotent A = i (1 - Az
Diffuser totsl-pressnrz-loss coefficlen T = kall - X3e/ lg.

NATIONAL ADVISCHY .
COMMITTEE FOR AZHONAUTICS
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Figure 7. — Bend with thin circular-arc vanes.
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Example of correct design
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DESIGN OF POWER-PLANT INSTALLATIONS
PRESSURE-LOSS CHARACTERISTICS OF DUCT COMPONENTS
By John R. Henry

June 19L4

Pages 8 and 9 and figures 2, 3, and 6 have been corrected to include a
calculated friction loss in the over-all loss coefficient for the
bend. The corrected pages are attached to replace the corresponding
pages and figures in the original version of this paper.
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8 : ' ERRATA No. 1 NACA ARR LA4F26

velocity and the hydraulic diameter of the duct. Values of f obtained
from figure 51 of reference L4 are plotted -against Reynolds number in
figure 1. Data in figure 13 of reference 5 agree closely with values in

- figure 1. Determination of the Reynolds number is facilitated by supple-

nentary curves obtained by plotting the ratio of mass rate of flow to
duct perimeter against Reynolds number for a number of air temperatures.
The kenetic viscosity of the air used in constructing the supplementary
curves of figure 1 was determined by Sutherland's equation as presented
in reference 6.

A typical value of AH/q for straight aircraft ducts is 0.02 %,

which is usually inconsequential compared with other parts of the system,
and the loss in sections of straight ducts is generally neglected. Long
winding ducts of small diameters, such as cabin-heater ducts, are some-
times treated as straight ducts of higher than average pressure loss due
to friction. The use of

is recommended in reference 7.

90° bends of constant-area réctangular cross section.- Pressure-loss
coefficients of 90° bends of constant-area and rectangular cross section
given in figure 2 for three values of Reynolds number based on hydraulic
diameter are derived from data appearing in references 5 and 8 to 12.
The data of reference 5 are presented as a loss coefficient chargeable to
turning which was obtained by subtracting from the measured over-all loss
of the combined approach duct, bend, and tail pipe a calculated friction
loss for the approach duct, bend, and tail pipe. All the bend data pre-
sented herein have been reduced to an over-all loss coefficient for the
bend proper, or the data of reference 5 restored to an over-all loss by
adding in the calculated friction loss of the bend. Figure 2 indicates
that increasing the radius ratio beyond a value of about 2.00 yields no
further reduction in loss, and that the optimum aspect ratio varies
markedly with Reynolds number.

.90o bends of constant-area elliptical cross section.- Pressure-loss
characteristics of 90° bends of constant-area.elliptical cross section
are given in figure 3 for three values of Reynolds number. The data
include circular ducts as a special case. The same general effects of
radius ratio and the existence-of an optimum aspect ratio are noted for
the bends of constant-area elliptical cross section as well as for
rectangular bends. The effects of Reynolds number are much less for

. bends of elliptical cross section than for bends of rectangular cross

section.
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NACA ARR LAF26 ERRATA No. 1l 9

90° bends of changing area.- Significant data (derived from
reference 11) concerned with the relation of area change to the loss
in 90° bends of a particular geometry are shown in figure 4. In this
figure the ratio of loss in a bend with changing area to that in a
bend with identical inlet form but constant area is plotted against
the ratio of entrance width to exit width of the nonuniform bend.
Important reduction of loss in converging bends and serious increases
in loss in diverging bends are noted; the loss increases are par-
ticularly serious for bends of small radius.

Simple bends other than 90°.- No satisfactory correlation has
been made of data for variation of pressure-loss coefficient with
angle of bend. Pressure loss of 45° bends can apparently vary from
one-third to two-thirds the loss of a similar 90° bend, according to
the test conditions.

Compound bends.- Pressure-loss coefficients for three types of
compound bend (fig. 5) derived from reference 5 are shown in fig-
ure 6. Inasmuch as differences in the losses between the U-bends,
Z-bends, and 90° offset bends appears from reference 5 to be small
and inconsistent, the curves presented are averages of results for
the three types of bend. There appears to be little variation of
loss with Reynolds number. Introduction of a 5-foot spacer between
the two parts of the compound bend increases the over-all loss appre-
ciably due to the added friction loss. A comparison of the 180° bend
(U-bend) data of figure 6 with the 90° bend data of figure 2 shows that
the relative loss varies to a marked degree with the radius ratio and
aspect ratio of the bend.

Effects of surface roughness on bend losses.- The effect of sur-
face roughness on the losses in straight pipes has already been given
by the curves of figure 1. A study of pressure-loss data for bends
of angles from 30° to 90° and radius ratios from 1 to 6 (refer-
ence 11) indicates that the influence of surface roughness on the
loss in bends, and presumably of other duct components in which major
flow disturbances arise, is very much greater than can be attributed
to the increase in skin friction at the mean velocity of flow.
Analysis of the data in reference 11 suggests that the ratio of
losses through two bends, identical except for surface roughness,

NACA-Langley - 11-24-52 - 350
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